Most of the associated pathologies in Gulf War Illness (GWI) have been ascribed to chemical and pharmaceutical exposures during the war. Since an increased number of veterans complain of gastrointestinal (GI), neuroinflammatory and metabolic complications as they age and there are limited options for a cure, the present study was focused to assess the role of butyrate, a short chain fatty acid for attenuating GWI-associated GI and metabolic complications. Results in a GWI-mouse model of permethrin and pyridostigmine bromide (PB) exposure showed that oral butyrate restored gut homeostasis and increased GPR109A receptor copies in the small intestine (SI). Claudin-2, a protein shown to be upregulated in conditions of leaky gut was significantly decreased following butyrate administration. Butyrate decreased TLR4 and TLR5 expressions in the liver concomitant to a decrease in TLR4 activation. GW-chemical exposure showed no clinical signs of liver disease but a significant alteration of metabolic markers such as SREBP1c, PPAR-α, and PFK was evident. Liver markers for lipogenesis and carbohydrate metabolism that were significantly upregulated following GW chemical exposure were attenuated by butyrate priming in vivo and in human primary hepatocytes. Further, Glucose transporter Glut-4 that was shown to be elevated following liver complications were significantly decreased in these mice after butyrate administration. Finally, use of TLR4 KO mice completely attenuated the liver metabolic changes suggesting the central role of these receptors in the GWI pathology. In conclusion, we report a butyrate specific mechanistic approach to identify and treat increased metabolic abnormalities in GWI veterans with systemic inflammation, chronic fatigue, GI disturbances, metabolic complications and weight gain.
Introduction
Gulf War Illness (GWI) has been characterized as a chronic multisymptom illness with pathology that includes neuronal inflammation leading to cognitive deficiencies, chronic fatigue, joint and muscle pain and gastrointestinal complications (White et al., 2016; Kerr, 2015; Gulf War and Health, 2016) . GWI research has identified toxicant chemical exposures in the war theater including sarin nerve gas, pyridostigmine bromide (PB) anti-nerve gas pills, insecticides and insect repellents, to be prime reasons for most symptoms reported by the veterans (White et al., 2016) . A study of military pesticide applicators from the GW recently reported increased cognitive decrements in attention, memory and information processing speed in veterans with combined exposures to PB, pesticides and insect repellents . Animal models of GWI have also shown chronic impairment in learning and memory, fatigue and gastrointestinal dysfunction when exposed to GWrelevant chemicals including PB, pesticides and the insect repellent permethrin (Abdullah et al., 2016; Parihar et al., 2013) . GWI has emerged as a primarily neuroimmune disorder with greater inflammatory effects noted when GW-relevant toxicants were combined with corticosterone in animal models to mimic the physical and mental stressors of war deployment (Koo et al., 2018) . However the basis of gastrointestinal complications and parallel networks for neuronal complications have remained largely elusive (Georgopoulos et al., 2017; O'Callaghan et al., 2015; O'Callaghan et al., 2016) . Though the larger epidemiological studies list GI complications as a major health problem in only a subset of GW veterans, there are hardly any reports that show hepatic metabolic disturbances as a widely reported symptom (White et al., 2016; Kerr, 2015; Haley et al., 2013) . This may be due to the silent nature of the presentation of these symptoms and unknown links to a wider systemic complication in GW veterans following sedentary lifestyles/physical disabilities/diet/aging over a longer period of time (Coughlin et al., 2011) . However, with increased incidences of obesity and persistence of symptoms in GW-veterans and the US population in general, the causes, outcomes, and extent of metabolic disturbances can no longer be ignored. The long-ranging implications of such silent changes in the GI tract and the liver following chemical exposure form the basis of the present study.
We have shown recently the unambiguous role of the gut microbiome in causing neuronal inflammation largely due to gut leaching and systemic endotoxemia . The altered gut bacterial signature obtained following Gulf War chemical exposure caused a TLR4-linked inflammatory surge in the GI tract and could be traced in the frontal cortex . The observations reported paved the way for newer investigations into wider systemic inflammatory complications in extraneuronal organs that might not have a clear phenotype yet may be a basis for multisymptom illness as described in GWI.
GWI is also characterized by the presence of chronic fatigue. Most classifications in the past have listed chronic fatigue as one of the most widely reported symptom burdens in GW veterans (Kerr, 2015; Gulf War and Health, 2016; Coker, 1996) . Interestingly, changes in the microbiome of affected patients with chronic fatigue syndrome/fibromyalgia have been strongly associated with the causes of this illness (Nagy-Szakal et al., 2017; Morris et al., 2016; Giloteaux et al., 2016) . Chronic fatigue is also strongly linked to widescale changes both in the gut bacteria and the systemic metabolism with the latter believed to have roots in the liver though skeletal muscles also play a major role (Naviaux et al., 2016) . Persistent alteration of liver metabolism following changes in gut microbiome and its subsequent effects on systemic metabolism may affect the development of chronic fatigue via the altered availability of NADPH, ATP, and cofactors for various biochemical pathways (Naviaux et al., 2016) .
Most chronic liver diseases like fatty liver disease and biliary fibrosis are silent in a presentation at the clinic and remain asymptomatic until it reaches an irreversible stage (Milic & Stimac, 2012) . Nonalcoholic fatty liver disease or cholestatic liver disease have chronic fatigue as one of the symptoms (Schreuder et al., 2008; Zakharia et al., 2018) . The fatigue associated with these silent liver complications have been assigned to lipotoxicity, insulin and leptin resistance, endocrinopathies and metabolic syndrome (Kaltsas et al., 2010) . Interestingly, we have shown that environmental chemicals alter liver metabolism by increasing glucose transporters in the liver fibroblasts, elevating expressions of PPAR-α, PFK and decreasing PPAR-γ levels with a concomitant rise in leptin (Seth et al., 2013a) . These changes in the liver have been associated with an altered microbiome following consumption of a diet rich in high fat and low fiber for a long period of time at least in the murine models (Chiu et al., 2017; Marra & Svegliati-Baroni, 2018) .
With strong emphasis on the altered microbiome being associated with pathologies of inflammatory bowel disease, chronic liver disease, chronic fatigue syndrome and neuronal complications (all have an inflammatory component) via the gut-brain axis, it is important that studies be focused on bacterial metabolites within the gut that might be linked to some or all the pathways that link these systemic complications. Interestingly, GWI patients present significant symptoms that resemble some or all these in the clinics. Thus bacterial metabolites like butyric acid, propionic acid and acetate need to be considered as molecules of interest in treating multiple symptoms of GWI since these molecules have shown promising results in the clinic to cure IBD and dysbiosis related complications (Sun et al., 2017; Zhang et al., 2016; Imhann et al., 2018) . Further, Butyrate-producing bacteria such as Roseburia species supplementation rescued patients from IBD (Imhann et al., 2018) . Butyrate, in particular, is a short chain fatty acid (SCFA) that primarily interacts with the GPR109A and is an immunosuppressant widely known to increase T-regulatory cells in the intestine and a prominent HDAC1 inhibitor (Sekhavat et al., 2007; Singh et al., 2014) .
The present study tests the hypothesis that GW chemical exposure causes a decrease in butyrate-producing bacteria and concomitant butyrate priming in the gut through oral supplementation attenuates GI inflammation, gut leaching and metabolic abnormalities in the liver and higher systemic leptin levels. The study uses state of the art genomic approaches and an oral priming by butyrate for elucidating genusspecific changes in gut bacteria, and human hepatocytes treated with an insect repellent permethrin, (used in Gulf War theater) for mechanistic investigations.
Materials and methods

Materials
Pyridostigmine bromide (PB), Permethrin (Per), Lipopolysaccharides (LPS), Corticosterone and Sodium butyrate (NaBT) were purchased from Sigma-Aldrich (St. Louis, MO). Anti-claudin-2, anti-occludin, anti-TLR4, anti-flotillin, anti-HMGB1, anti-Leptin and anti-IL1β primary antibodies were purchased from Abcam (Cambridge, MA). Anti-TLR5 primary antibody was purchased from Santacruz Biotechnology (Dallas, TX). Species-specific biotinylated conjugated secondary antibodies and Streptavidin-HRP (Vectastain Elite ABC kit) were purchased from Vector Laboratories (Burlingame, CA). Fluorescence-conjugated (Alexa Fluor) secondary antibodies, ProLong Gold antifade mounting media with DAPI were purchased from Thermofisher Scientific (Grand Island, NY) and all other chemicals which were used in this project purchased from sigma only if otherwise specified. Paraffin-embedding of tissue sections on slides were done by AML laboratories (Baltimore, MD). Microbiome analysis was done by Second Genome, the microbiome company (San Francisco, CA).
Animals
Adult wild-type male (C57BL/6J mice) and adult mice that contained the disrupted TLR4 gene (TLR4 KO) (B6·B10ScN-Tlr4 lps-del /JthJ) were purchased from the Jackson Laboratories (Bar Harbor, ME). Mice were implemented in accordance with NIH guideline for human care and use of laboratory animals and local IACUC standards. All procedures were approved by The University of South Carolina at Columbia, SC. Mice were housed individually and fed with chow diet at 22-24°C with a 12-h light/ 12-h dark cycle. All mice were sacrificed after animal experiments had been completed. Right after anesthesia, blood from the mice was drawn using cardiac puncture, in order to preserve serum for the experiments. The mice liver was collected for further experiments immediately after terminal euthanasia. Fecal pellets and luminal contents were collected from the animals, followed by dissection of the small intestine. The tissues were fixed using 10% neutral buffered formalin. Distal segments of small intestines were used for the staining and visualizations.
Rodent model of Gulf War Illness (GWI)
Mice were exposed to Gulf War chemicals based on established R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 rodent models of Gulf War Illness with some modifications (O'Callaghan et al., 2015; Zakirova et al., 2015) . The treated wild-type mice group (GWI) and treated TLR4 KO mice group (TLR4 KO) were dosed triweekly for one week with PB (2 mg/kg) and Permethrin (200 mg/kg) via the oral route. After completion of PB/Permethrin dosages, mice were administered corticosterone intraperitoneally (i.p.) with a dose of 100 μg/mice/day for 5 days of the week for one week. The dose of corticosterone was selected from the study which exposed mice to 200 mg/L of corticosterone through drinking water. The i.p. dose of corticosterone had similar immunosuppression as examined by low splenic T cell proliferation (data not shown). The vehicle control group (Veh) of mice received saline injections and vehicle for oral gavage in the same paradigm. Another group of wild-type mice was exposed with PB, Permethrin and corticosterone similar to GWI group of mice and coexposed with sodium butyrate (GWI + NaBT) 10 mg/kg via the oral route.
Microbiome analysis
Fecal pellets and luminal contents were collected from the animals of each group after sacrifice and then sent to Second Genome and School of Medicine, the University of South Carolina for microbiome analysis. The second Genome performed nucleic acid isolation with the MoBio PowerMag Microbiome kit (Carlsbad, CA) according to manufacturer's guidelines and optimized for high-throughput processing V3-V4 sequencing and bioinformatic analysis.
Cell culture
Freshly isolated primary human hepatocytes were obtained from Liver Tissue Cell Distribution System, University of Minnesota, Minneapolis, MN. Plated hepatocytes were maintained in DMEM media supplemented with 10% FBS until treated. Cells were then serum starved in DMEM supplemented with 1.5% FBS for 8 h and exposed to vehicle control and chemicals. Cells were then treated with vehicle (Veh Cont), LPS (1 μM), LPS + NaBT (LPS 1 μM and Sodium Butyrate 0.2 mg/mL) for 24 h. After experiment cells were harvested for mRNA extraction and gene expression analysis.
Laboratory methods
Immunohistochemistry
The distal part of small intestine was collected from mice and fixed in 10% neutral buffered formalin. The fixed tissues swiss rolled, paraffin embedded and cut in 5 μM thick section. These sections were subjected to deparaffinization using a standard protocol. Epitope retrieval solution and steamer (IHC-Word, Woodstock, MD) were used for epitope retrieval for deparaffinized sections. 3% H 2 O 2 was used for the recommended time to block the endogenous peroxidase. After serum blocking, the tissue was incubated overnight at 4.0°C with primary antibody IL1β. Species-specific biotinylated conjugated secondary antibodies and streptavidin conjugated with HRP were used to implement antigen-specific immunohistochemistry. 3,3′-Diaminobenzidine (DAB) (Sigma Aldrich, St Louis, MD) was used as a chromogenic substrate. Mayer's Hematoxylin solution (Sigma Aldrich) was used as a counterstain. Sections were washed between the steps using phosphate buffered saline 1×. Finally, stained sections were mounted with Simpomount (GBI laboratories, Mukilteo, WA). Tissue sections were observed using Olympus BX51 microscope (Olympus, America). Cellsens software from Olympus America (Center Valley, PA) was used for morphometric analysis of images.
Immunofluorescence staining
Paraffin-embedded distal part of the small intestine or liver sections were deparaffinized using a standard protocol. Epitope retrieval solution and steamer were used for epitope retrieval of sections. Primary antibodies such as anti-Claudin-2, anti-Occludin, anti-GPR109A, anti-TLR4, anti-Flotillin, and anti-TLR5 were used at the recommended dilution. Species-specific secondary antibodies conjugated with Alexa Fluor (633-red and 488-green) were used at advised dilution. In the end, the stained sections were mounted using Prolong gold antifade reagent with DAPI. Sections were observed under-Olympus fluorescence microscope using 20×, 40× or 60× objective lenses.
Real-time quantitative PCR
mRNA expression in small intestine, liver, and human primary hepatocytes was examined by quantitative real-time PCR analysis. Total RNA was isolated from each 25 mg liver tissue or 15 mg small intestine tissue or 1 × 10 6 primary human hepatocytes cell by homogenization in TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions and purified with the use of RNeasy mini kit columns (Qiagen, Valencia, CA). cDNA was synthesized from purified RNA (1 μg) using iScript cDNA synthesis kit (Bio-rad, Hercules, CA) following the manufacturer's standard protocol. Real-time qPCR (qRTPCR) was performed with the gene-specific primers using SsoAdvanced SYBR Green Supermix and CFX96 thermal cycler (Bio-rad, Hercules, CA). Threshold Cycle (Ct) values for the selected genes were normalized against respective samples internal control (18S). Each reaction was carried out in triplicates for each gene and for each sample. The relative fold change was calculated by the 2-ΔΔCt method. The sequences for the primers used for Real-time PCR are provided in Table 1 .
Elisa
Serum Leptin and serum HMGB1 was estimated using ELISA kits from Abclonal Biotechnologies (Woburn, MA) following manufacturer protocol. Serum IL1β was estimated using an ELISA kit from ProteinTech (Rosemont, IL) following manufacturer protocol.
Serum biochemistry tests
Biochemical analysis of mouse serum was done for ALT, urea Nitrogen, creatinine, cholesterol, triglycerides and glucose from the University of Georgia college of veterinary medicine.
Statistical analysis
Prior to initiation of the study, we conducted calculations for each R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 experimental condition with appropriate preliminary data to confirm that the sample number is sufficient to achieve a minimum statistical power of 0.80 at an alpha of 0.05. All in vivo and in vitro experiments were repeated three times with 3 mice per group (N = 3; data from each group of three mice were pooled). Student's t-test was used to compare means between two groups at the termination of treatment. A one-way ANOVA was applied as needed, to evaluate differences among treatment groups followed by the Bonferroni post-hoc correction for intergroup comparisons.
Results
Butyrate production is key to gut health in GW-chemical exposure and microbial dysbiosis
We have shown previously that GW chemical exposure caused a significant alteration in microbial population when compared to untreated controls with significant increases in Firmicutes-Bacteriodetes ratio, a trend that is uniformly observed in IBD, neuroinflammation and metabolic syndrome. The changes were consistent with the neuroinflammatory phenotype in the mouse model of GWI. On in-depth analysis of the microbial data, we found that GW-chemical exposed group showed a marked decrease in Lactobacillus, and Bifidobacterium sp., the genus being responsible for producing the short chain fatty acid butyrate. Interestingly butyrate has been shown to attenuate IBD and resists proinflammatory changes in the small intestine ( Fig. 1A) (p < 0.05). The two genus showed a > 5 fold (log scale) decrease in abundance (Fig. 1A) . Butyrate priming through oral gavage and its presence during exposure significantly elevated the levels of Bifidobacterium, butyrogenic bacteria Roseburia sp. and Lactobacillus (i, ii and iii) (Fig. 1B) (p < 0.05) when compared to GWI alone with the first two genera showing an increase up to > 60% when compared to GWI. The percentages noted in the figure are compared to the overall abundance of all genus detected in the metagenomic analysis. The comparisons between GWI and GWI + NaBT groups were done using GWI as the base line. Such a comparison showed a > 60% increase of these genus in GWI + NaBT group when compared to GWI alone (Fig. 1B ). The observations in Fig. 1A led to the rationale for using Butyrate as a viable molecule for attenuating microbiome-associated inflammatory phenotype and the subsequent changes observed in the GWI model. Butyrate exerts its actions via binding to the niacin receptor. GPR109A has been recently discovered to bind butyrate and stimulate the activation of Treg cells thus suppressing TH17 mediated proinflammatory events (Singh et al., 2014) . Our results showed that there is a significant decrease in the protein levels of GPR109A in GWchemical exposed group when compared to untreated controls ( Fig. 2A and D) (p < 0.05). Butyrate presence in the intestine via feeding GWexposed mice through an oral gavage significantly increased GPR109A protein levels in the villi regions when compared to GWI-group ( Fig. 2A and D) (p < 0.05) suggesting that butyrate presence resisted the decrease in GPR109A protein levels thus helping butyrate to exert its actions in the dysbiosis-affected small intestine and restore gut-epithelial cell integrity and metabolic homeostasis.
Butyrate priming through oral route restores tight junction protein levels
The epithelial tight junction determines the paracellular water and ion movement in the intestine and also prevents uptake of larger molecules, including antigens, in an uncontrolled manner where Claudin-2 and Occludin play a major role and are perceived as a marker for leaky gut (Luettig et al., 2015) . Our results from immunofluorescence microscopy for the immunoreactivity of Claudin-2 showed a significant increase in GW-chemical exposed group when compared to untreated controls ( Fig. 2B and E) (p < 0.05), thus confirming our previously reported data. Butyrate presence in GW-chemical exposed group showed a significant decrease in that group when compared to GWchemical exposed group alone suggesting a parallel role of butyrate in Claudin-2 protein levels in the small intestine ( Fig. 2B and E) (p < 0.05). The results also showed that butyrate priming nearly restored the Claudin-2 levels to untreated controls (Fig. 2B ). Similarly, the protein level of another tight junction protein Occludin was significantly decreased in GW-chemical exposed groups (Fig. 2C and F) and sodium butyrate treatment significantly restored the levels of Occludin in the intestine. The results suggested that Butyrate may have a previously unconfirmed role in modulating Claudin-2 and Occludin proteins in the small intestine though IL10A-dependent repression of Claudin-2 has been shown (Zheng et al., 2017) .
Butyrate priming in the intestine attenuates proinflammatory phenotype in the intestine via a decrease in TLR4 activation
Since gut leaching was predominant in GWI mouse model and resulted in endotoxemia, we studied whether butyrate priming helped in attenuating the proinflammatory microenvironment in the small intestine . Results showed that butyrate administration through an oral route decreased TLR4 colocalization (as shown by white circles), a hallmark of its activation in GW-chemical exposed The proportional abundance of microbial genera: Graphical representation of the most abundant taxa of bacteria at the genus level. Groups compared are gulf war illness group (wild-type mice exposed to gulf war chemicals) (GWI, n = 3) and control group fed with vehicle (Veh, n = 3) (p-value: < 0.05). B. Percentage abundance of gut bacteria Bifidobacterium (i), Roseburia (ii), and Lactobacillus (iii) in a group of mice co-exposed with Gulf war chemicals and Sodium butyrate (GWI + NaBT, n = 3) as compared with GWI mice (n = 3) (pvalue: < 0.05).
R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) Change in gut microbiome in GWI alter niacin receptor (GPR109A) and tight junction proteins in the intestine. A. The expression pattern of butyrate and niacin receptor GPR109A was assessed by immunofluorescence microscopy. The representative images showed immunoreactivity of GPR109A in the distal part of the small intestine of veh control group of mice (veh, n = 3), gulf war illness group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3). B and C. The expression pattern of Claudin-2 and Occludin (tight junction proteins) was assessed by immunofluorescence microscopy. Tissue levels of Claudin-2 (B) and Occludin (C) in Vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice coexposed with GWI and sodium butyrate (GWI + NaBT, n = 3) was assessed by immunofluorescent microscopy after labeling the protein with the red fluorescent secondary antibody and counterstained with DAPI (blue). D-F. The bar diagram shows the quantitative morphometric analysis of fluorescence intensities of GPR109A (D), Claudin-2 (E), and Occludin (F) immunoreactivity in the region of interest (ROI) in the small intestine. *(p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 group when compared to GW-group alone ( Fig. 3A and B) (p < 0.05). Notably, the results also confirmed our earlier observations of an increased TLR4 trafficking to lipid rafts in GW chemical exposed group when compared to untreated controls ( Fig. 3A and B) (p < 0.05). TLR4 activation was followed by increased IL-1β protein levels in the villi regions but not in crypts of GW chemical exposed group when compared to untreated controls ( Fig. 4A and B) (p < 0.05). Also, butyrate priming significantly decreased the IL-1β levels in the same regions when compared to GW-Chemical exposed group (Fig. 4A and B) . Gene expressions of IL-1β, monocyte chemoattractant MCP-1 and TNF-α were significantly decreased in Butyrate administered group when compared to GW-chemical exposed group (Fig. 4C) (p < 0.05). Interestingly, serum IL-1β significantly increased in GW-chemical exposed groups (66.71 ± 1.98 pg/mL) as compared to vehicle control group (39.95 ± 1.8 pg/mL) (Fig. 4D) . However, Butyrate exposure to the GW-Chemical exposed mice showed a significant decrease in the serum IL-1β (34.56 ± 1.26 pg/mL) (Fig.4D) . The results suggested that butyrate presence helped attenuate intestinal inflammation primarily from a TLR4 pathway however it could not rule out other parallel inflammatory pathways in the gut such as histone deacetylases. Similar to pathogen-associated molecular patterns (PAMPs), that can trigger a proinflammatory response, sterile inflammation can be triggered by endogenous molecules from a necrotic or damaged cell that can activate several proinflammatory pathways including TLR4 (Garcia-Martinez et al., 2015) . Such endogenous molecules are collectively called Damage-associated molecular patterns or DAMPs. We have shown previously that HMGB1 and leptin can be released from several organ systems and can trigger a proinflammatory cascade (Chatterjee et al., 2013; Chandrashekaran et al., 2016; Chandrashekaran et al., 2017) . We quantified the released HMGB1 and leptin in mouse serum (ii) (iii) Fig. 3 . Sodium butyrate priming in a rodent model of GWI attenuates TLR4 activation in the small intestine. A. Immunofluorescence microscopy of small intestine showing TLR4 (red) trafficking to the lipid rafts (green) of the small intestine tissue, an essential process for TLR4 activation causing a co-localization of TLR4 in flotillin-rich rafts (yellow). Representative images of TLR4-flotillin co-localization in the small intestine of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3) shown by white circles covering the yellow spots created by an overlay of red (TLR4) and green (Flotillin). Images were taken at higher magnification (40× oil). B. Graphical representation of the quantitative morphometric analysis of colocalization events in the region of interest (ROI) in the small intestine. Images for analysis were randomly chosen in different microscopic fields. Data is represented as Mean ± SEM and *(p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 Fig. 4. Sodium butyrate priming in a rodent model of GWI improves proinflammatory phenotype in small intestine mediated by the TLR4 pathway. A. Small intestine tissue slices were probed for IL-1β immunoreactivity in vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3) using immunohistochemistry. Specific immunoreactivity to IL-1β is evident by dark brown spots. B. Graphical representation of morphometric analysis of the IL-1β immunoreactivity in tissue slices. Data normalized against vehicle control (veh) *(p < 0.05). C. Quantitative real-time PCR (qRTPCR) analysis of inflammatory markers in the small intestine. mRNA expression of IL-1β, MCP-1, and TNF-α was analyzed in the samples of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3). Normalized mRNA expression is represented as a fold change of vehicle control (veh) on Y-axis. Data points represented with Mean ± SEM *(p < 0.05). D. Graphical representation of serum IL-1β in pg/mL of the samples of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] using competitive ELISA techniques. Result showed that GW-chemical exposed groups had significantly higher levels of HMGB1 and leptin in the serum when compared to untreated controls ( Fig. 5A and B) (p < 0.05). Butyrate priming significantly decreased the level of HMGB1 while a decrease in leptin levels was not significant when compared to GW-chemical exposed group (Fig. 5A and B) (p < 0.05).
The results suggested that circulatory DAMPs can be soluble mediators of ectopic inflammatory events distant to the small intestine while butyrate priming may attenuate such effects and help identify therapeutic targets in the systemic inflammatory phenotype seen in GWI.
Increased TLR activation in the liver is attenuated by butyrate priming in the intestine
TLR activation is observed in organ systems following gut dysbiosis (Reichardt et al., 2017; Henao-Mejia et al., 2012) . TLRs especially TLR4, TLR2, and TLR5 have been shown to increase tissue inflammation (Henao-Mejia et al., 2012). Interestingly, TLR-induced metabolic deregulation is increasingly seen as an important event in metabolic syndrome (Boutagy et al., 2016) . Our results showed that GW chemical exposed group showed a significantly increased TLR4 activation (trafficking to lipid rafts) in the liver especially in the sinusoidal cells (white circles) (Fig. 6A and B) . TLR4 trafficking significantly decreased in butyrate administered group when compared to GW-chemical exposed group (Fig. 6A and B) . Interestingly, butyrate administration markedly increased TLR4 protein (red) levels in the liver but could not be observed in the rafts of the membrane (yellow), a sign that TLR4 protein was increased but the activation was attenuated by butyrate administration (Fig. 6A) . TLR5 a protein that is activated the following binding with flagellin also increased in the liver of GW exposed mice but was significantly decreased in the butyrate administered group (Fig. 6C and  D) . The results suggested that increased circulatory levels of DAMPs or a leaky gut-associated flagellin might have resulted in activation of TLR4 and TLR5 in the liver of GW chemical exposed group but was blocked by the presence of butyrate.
TLR4 activation is associated with metabolic changes and inflammatory response in the liver but the phenotypic liver injury is predominantly absent
The liver is the principal organ for gluconeogenesis, lipogenesis and cholesterol metabolism (Bechmann et al., 2012) . Recent studies have put a great deal of emphasis on liver metabolic reprogramming in conditions of metabolic syndrome that include hepatic expression of lipid and glucose metabolism markers, hepatic insulin and leptin resistance (Seth et al., 2013a; Chen et al., 2012). Interestingly, the fatty liver disease is associated with a long-term metabolic alteration (often years to manifest) and inflammatory response in the liver till the disease phenotype surfaces and is rightly called a silent disease (Milic & Stimac, 2012; Doycheva et al., 2017) . We studied both the changes in hepatic metabolic markers and the inflammatory response arising from a TLR4 activation following GW-chemical exposure and microbial dysbiosis to ensure whether we can detect early responses in the liver that can manifest into liver disease years later. Results showed that hepatic SREBP1c, a molecule predominantly responsible for lipogenesis was upregulated following GW-chemical exposure when compared to untreated controls (Fig. 7A) (p < 0.05) (Geidl-Flueck & Gerber, 2017) . Butyrate administration significantly decreased SREBP1c gene expression in the hepatic lobule when compared to GW-chemical exposed group (Fig. 7A) (p < 0.05). PPAR-α is a transcription factor and a major regulator of lipid metabolism in the liver (Badman et al., 2007) . PPAR-α is activated under conditions of energy deprivation and is necessary for the process of ketogenesis (Badman et al., 2007) . PPAR-α was significantly upregulated in the GW-chemical exposed group when compared to untreated controls while butyrate administration significantly decreased and restored the PPAR-α levels when compared to GW-chemical exposed group (Fig. 7A) (p < 0.05). PPAR-γ is an important player in liver fat metabolism and is known to be increased in benign steatosis but is significantly down-regulated in models of liver injury (Seth et al., 2013b) . Our results showed that PPAR-γ was significantly decreased in GW chemical exposed group when compared to untreated controls and butyrate priming reversed this downregulation when compared to GW-chemical exposed group (Fig. 7A) (p < 0.05) . The results were in agreement with our previous studies in a liver metabolic disease that had similar decreases in PPAR-γ (Seth et al., 2013b) .
We have shown previously that liver metabolic disorders triggered by environmental contaminants can increase the expression of Phosphofructokinase (PFK) (Seth et al., 2013b) . PFK, a rate-limiting enzyme in the glycolytic pathway was significantly upregulated in GW chemical exposed group when compared to untreated controls while butyrate administration significantly restored the PFK levels ( Fig. 7A) (p < 0.05). Hepatic class I glucose transporters (GLUT) have limited role in the liver but recent studies show their importance in hepatic disease states (Karim et al., 2012) . We and others have shown that GLUT-1 and GLUT-4 are regulated by leptin and purinergic signaling and they are upregulated in fatty liver disease primarily in hepatic stellate cells (Chandrashekaran et al., 2016; Tang & Chen, 2010) . Our results show that both GLUT-1 and GLUT-4 were upregulated in the GW chemical exposed groups when compared to untreated controls however butyrate administration significantly decreased the GLUT-1 and GLUT-4 levels when compared to GW-chemical exposed groups Western blot analysis of serum high mobility group box 1 protein (HMGB1) and serum adipokine leptin from samples of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3). Ponceau S staining was done to see the equal loading of serum proteins and used for normalization of protein expression. B-C. Graphical representation of morphometric analysis of HMGB1 and leptin western blot bands. The data was normalized to a total serum protein (Ponceau S). Y-axis depicts the HMGB1/Ponceau S ratio (B) and leptin/Ponceau S ratio (C) from Veh, GWI and GWI + NaBT groups. *p < 0.05 is considered statistically significant. D-E. Graphical representation of serum HMGB1 (D) and serum leptin (E) in ng/mL of the samples of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice coexposed with GWI and sodium butyrate (GWI + NaBT, n = 3).
R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) (red) trafficking to the lipid rafts (green), an essential process for TLR4 activation causing a co-localization of TLR4 in flotillin-rich rafts (yellow). Representative images of TLR4-flotillin co-localization in the liver of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3) shown by white circles covering the yellow spots created by an overlay of red (TLR4) and green (Flotillin). Images were taken at higher magnification (60× oil). B. Graphical representation of the quantitative morphometric analysis of colocalization events in the liver. Images for morphometric analysis were randomly chosen in different microscopic fields. Data is represented as Mean ± SEM *(p < 0.05). C. Tissue levels of TLR5 immunoreactivity in vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice co-exposed with GWI and sodium butyrate (GWI + NaBT, n = 3) mouse liver samples as observed by immunofluorescent microscopy after labeling the TLR5 protein with the green fluorescent secondary antibody and counterstained by DAPI (blue). D. The bar diagram shows the quantitative morphometric analysis of fluorescence intensities of TLR5 immunoreactivity in the liver tissue. Images for morphometric analysis of TLR5 were randomly chosen in different microscopic fields. Data is represented as Mean ± SEM *(p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 ( Fig. 7A) (p < 0.05). Further, to investigate the role of GW-Chemical exposure in exacerbating the inflammatory response in liver, hepatic mRNA expression profiles of interleukin (IL)-1β, monocyte chemotactic protein 1 (MCP-1), tumor necrosis factor (TNF)-α and Kupffer cell activation marker CD68 were analyzed. Results indicated that there was a significant increase in the mRNA expression profiles of IL-1β, MCP-1, TNF-α and CD68 in GW Chemical exposed mice livers compared with vehicle treated mice livers (Fig. 7B) (p < 0.05). Interestingly, mice groups co-exposed with GW chemicals and sodium butyrate showed significantly decreased level of IL-1β, MCP-1, and CD68 but not TNF-α. The results suggested a similar role of higher leptin and/or heightened inflammation in causing the increase but remained to be seen whether it was cell or organ specific. The liver has multiple cell types and includes cells of epithelial, endothelial, fibroblast and macrophage lineages. They perform multiple functions including metabolic, cellular defense and wound healing. The liver lobule comprises of 90% hepatocytes which are epithelial in origin and is a center for most of the metabolic functions. We used human primary hepatocytes, primed with lipopolysaccharide (LPS) (concentrations found in our previous study ) to study the effects of metabolic dysregulation if any due to GW-chemical exposure. Results showed that LPS primed hepatocytes showed a significant increase in lipogenesis mediator SREBP1c while butyrate coexposure decreased these levels (Fig. 7C) (p < 0.05). Similar to our in vivo data, LPS primed hepatocytes showed a significant increase in PPAR-γ gene expression when co-exposed to butyrate while LPS only or untreated controls showed no change in the PPAR-γ levels (Fig. 7C) (p < 0.05).
Hematoxylin and Eosin stains of liver tissue sections obtained from GW-chemical exposed group showed no signs of lipid accumulation or macrophage infiltration or Mallory body formation signifying the absence of advanced stage inflammatory foci or liver disease (Fig. 7D) . Though histopathology of the liver section from each mice group clearly showed that there was no sign of liver damage or development of Nonalcoholic steatohepatitis, we resorted to clinical chemistry analysis for more detailed outcomes. To confirm such observations we performed clinical chemistry analysis of mouse serum samples for ALT, BUN, creatinine, total cholesterol, triglyceride and serum glucose. The Fig. 7 . TLR4 activation is associated with metabolic changes and inflammatory response in the liver but the phenotypic liver injury is predominantly absent. A. Quantitative real-time PCR (qRTPCR) analysis principle carbohydrate metabolic markers (PFK, GLUT-1, and GLUT-4) and fat metabolic markers (SREBP1c, PPAR-α, and PPAR-γ) in the liver tissue. mRNA expression of SREBP1c, PPAR-α, PPAR-γ and PFK, GLUT-1, GLUT-4 and B. mRNA expression analysis of inflammatory marker IL-1β, MCP-1, TNF-α, and Kupffer cell activation marker CD68 were analyzed in the liver sample of vehicle control group of mice (Veh, n = 3), gulf war chemical treated group of mice (GWI, n = 3) and a group of mice coexposed with GWI and sodium butyrate (GWI + NaBT, n = 3). Normalized mRNA expression is represented as a fold change of Vehicle control (veh) on Y-axis. Data points represented with Mean ± SEM *(p < 0.05). C. mRNA expression of SREBP1c, PPAR-γ were analyzed in the primary human hepatocytes cells treated with lipopolysaccharide (LPS) and Co-treated with LPS and sodium butyrate (LPS + NaBT). Normalized mRNA expression is represented as a fold change of Vehicle control (Veh Cont) on Y-axis. Data points represented with Mean ± SEM *(p < 0.05). D. Representative Hematoxylin and Eosin stained (H& E) images of liver sections showed liver pathophysiology of vehicle control group of mice (Veh, n = 3), gulf war chemical treated a group of mice (GWI, n = 3). Images were taken at 10× magnification.
R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 clinical chemistry data showed ( Table 2 ) that there was no significant difference in serum ALT (showed a marked increase in GWI group but was not significant between groups), BUN, creatinine and total cholesterol upon GW Chemical exposure as compared to vehicle control group. However, co-exposure with sodium butyrate decreased the levels of ALT, BUN but not the total cholesterol ( Table 2 ). The triglyceride levels were significantly increased in GWI chemical exposed mice groups as compared to untreated control groups, while co-exposure with sodium butyrate caused the triglyceride level to be decreased significantly when compared to GWI group (p < 0.05) suggesting a slow but incremental risk of fatty liver in the future ( Table 2 ). The glucose levels showed no significant difference between groups (data not shown).
3.6. TLR4 drives the metabolic alterations in GW-chemical exposed liver TLR4 induced downstream proinflammatory signaling has been found to aid in insulin resistance (Razolli et al., 2015) . Prolonged insulin resistance has been shown to cause metabolic disturbances in the liver, skeletal muscle and adipose tissue (Boutagy et al., 2016) . Since microbiome associated gut leaching and systemic endotoxemia were reported in the mouse model of GWI and the present study found metabolic changes in the liver, we studied the direct role of TLR4 in causing the metabolic changes. The results showed that TLR4 knockout (TLR4 KO) mice had decreased TLR5 expression in the liver when compared to GW-chemical exposed group (Fig. 8A and B) (p < 0.05). TLR4 KO mice had significantly decreased expression of Class I glucose transporter GLUT-4, PFK, PPAR-α, and lipogenesis mediator SREBP1c when compared to GW-chemical exposed group while GLUT-1 showed no change in the expression suggesting GLUT-1 might not be regulated by TLR4 (Fig. 8C) (p < 0.05). The results suggested that TLR4 activation following systemic endotoxemia might be responsible for the ectopic metabolic alterations in the liver but is unable to present any significant changes in liver disease phenotype. The results also are in agreement with epidemiological studies where veterans deployed in GW don't report liver abnormalities in the clinics based on the typical symptoms.
Discussion
Epidemiological studies have shown a strong correlation between GW toxicant exposures and cognitive/neurological complications but there are also reports of chronic fatigue, gastrointestinal disturbances and occasional cases of metabolic syndrome (White et al., 2016) . Our study shows that microbial dysbiosis owing to GW-chemical exposure causes a significant decrease in healthy gut bacteria like Bifidobacterium and Lactobacillus (LeBlanc et al., 2017) . Interestingly, they are a class of bacteria that generate butyrate in the gut (LeBlanc et al., 2017) . Recent studies have shown a beneficial effect of butyrate in preclinical studies involving colitis and IBD (Sun et al., 2017) . The above results prompted us to use sodium butyrate administration through an oral route as a priming agent throughout the chemical exposure time so that a restored butyrate in the gut could prevent and prime the gut against the dysbiosis, inflammatory leaching, and generation of systemic mediators in the small intestine. Results also showed the role of butyrate in increasing the levels of the butyrogenic bacteria, increasing the expression of butyrate receptor GPR109A, decreasing Claudin-2 and decreasing TLR4 activation. We have shown recently that GW chemical exposure causes gut dysbiosis, the disintegration of gut membrane causing leaching and systemic endotoxemia that eventually led to TLR4 activation. We also showed a causal role of dysbiosis to the neuroinflammation in frontal cortex thus raising a possibility of the existence of a "Gut-Brain-Axis" in GWI similar to other pathological conditions . This axis may act in parallel to some of the direct toxic effects of GW chemical exposures on the brain tissue (O'Callaghan et al., 2015; Zakirova et al., 2015) . Sodium Butyrate priming, as shown in our data might reverse the pathology associated with GW chemical exposure since it restored gut health, reversed gut barrier integrity and decreased SI inflammation (decreased IL-1β) while increasing the possibility of increased butyrate binding to GPR109A due to higher availability of this receptor in SI. Notably, butyrate priming also decreased the release of HMGB1 and leptin though slightly in circulation albeit from the intestinal epithelial cells but other sources like liver cannot be ruled out. The source might be the damaged epithelial cells in the small intestine since the potential generation of free radical species has been shown before and oxidative stress in the intestinal epithelial cells and macrophages could release HMGB1 (Tang et al., 2012; Sappington et al., 2002) . On the other hand, HMGB1 release due to gut integrity changes also causes oxidative stress and cell necrosis as have been reported in other studies (Sappington et al., 2002) . Though leptin is primarily released from adipocytes and liver, chemical/food-induced leptin release have been shown in the gut and has been traced in duodenal juice (Sobhani et al., 2000; Guilmeau et al., 2003) . Thus our finding of increased leptin in circulation following GW chemical exposure might be a result of the leaky gut or liver though the exact source remains to be determined at this time. The release of both leptin and HMGB1 and its modulation by butyrate priming in the gut points to the intestine as a source of these inflammatory mediators along with endotoxin and has tremendous implication determining ectopic/endocrine pathology of GWI.
In spite of well-coordinated symptom reporting in GWI about chronic fatigue in most of the studies, the causes of such chronic fatigue have been limited to abnormalities in neurological pathways or mitochondrial dysfunction without an organ-specific definition (Koslik et al., 2014) . Presence of symptoms related to metabolic syndrome or liver diseases is rare (Kelsall et al., 2009) . Interestingly, fatigue is also associated with metabolic syndrome and various liver diseases (Carey et al., 2015; Sweet et al., 2017; Jensen et al., 2017) . Though we hardly see literature reporting liver abnormalities in GWI, asymptomatic metabolic abnormalities in the liver (as evident in silent liver diseases like NAFLD), can contribute to chronic fatigue. These facts mentioned above led us to examine the liver pathology likely affected by higher circulatory mediators like endotoxin, leptin, and HMGB1. Owing to the tremendous role of the liver in carbohydrate metabolism, we focused on the role of circulatory HMGB1 and leptin on (a) hepatic TLR4 activation and (b) alterations in both lipid and carbohydrate metabolism. Our results showed a significant increase in TLR4 trafficking to the lipid rafts, a hallmark of activation of the TLR4 pathway in the liver following exposure to GW-chemicals. Also, there was a subsequent increase in TLR5 levels in the liver with both TLR4 activation and TLR5 levels showing decreases after butyrate priming. These results assume huge significance since TLR4 activation has been found to cause insulin resistance, uptake of free fatty acids for triglyceride production in macrophages and sterol biosynthesis (Boutagy et al., 2016; Feingold et al., 2012) . On the other hand, stearic acid has been shown to promote TLR4 mediated inflammation (Song et al., 2006; Anderson et al., 2012) . Our results of increased expression of genes such as SREBP1c and PPAR-α which play a major role in liver lipogenesis (cholesterol biosynthesis and import) might be the result of the increased TLR4 activation and ND = Creatinine result is less than the linearity of the assay 0.2 mg/dL.
R.K. Seth et al. Toxicology and Applied Pharmacology 350 (2018) 64-77 the subsequent cascade of events that alter liver metabolism following GW-chemical exposure. Interestingly, both SREBP1c and LXRs control lipid metabolism and it remains to be seen whether an increase in SREBP1c in the GW-chemical exposed liver was an adaptive way to suppress a chronic TLR4 activation thus mounting an anti-inflammatory response as is seen in some studies (Iizuka & Horikawa, 2008; Oishi et al., 2017) . There are numerous reports which find increased glucose metabolism following NF-kB activity which is downstream of TLR4 activation (Mauro et al., 2011) . Our results of increased expression of phosphofructokinase, a rate-limiting enzyme for glycolysis show that a TLR4 mediated mechanism might play a role in driving a glycolytic pathway in the liver. Notably, isolated hepatocytes when stimulated with TLR4 ligand LPS or GW-chemical Permethrin did not show an increase in PFK but exhibited a 3-fold increase in SREBP1c over vehicle control suggesting that hepatocytes along with macrophages may be targets of TLR4 activation thus playing a vital role in the reprogramming of lipid metabolism. Further, Class I glucose transporters GLUT-1 and GLUT-4 was elevated in the GW-chemical exposed liver. The result assumes significance since inflammation in the liver has been shown to increase glucose uptake in hepatic stellate cells in a mouse model of fatty liver disease (Chandrashekaran et al., 2016) . Our results of decreased inflammation and subsequent metabolic disturbances in the liver following butyrate priming may shed some light on the inhibitory role of butyrate on histone deacetylase activity (Khan & Jena, 2014) .
Butyrate is a known HDAC inhibitor (Khan & Jena, 2015) . Studies show that butyrate can act as an HDAC inhibitor and decrease NFκb activity (Segain, 2000) . We found a decrease in NFκb activity following butyrate administration but was found to be insignificant (data not shown). Also, butyrate can act independently of TL4 activation by inhibiting HDACs (Chang et al., 2014) . Future studies should target the extensive role of butyrate in HDAC inhibiton in Gulf War Illness that may be independent of TLR4 activation. Importantly, the results of altered expressions of the metabolic genes failed to induce any histological changes that support inflammatory or metabolic liver disease following GW-chemical exposure. This is of high significance since liver diseases take years to manifest and most remain asymptomatic (silent) thus evading most clinical observations. It remains to be seen whether the unavailability of reports related to liver complications in GWI is due to the silent nature of the manifestations that are only limited to changes in the expressions of metabolic genes and would perhaps take years to show any phenotypic disease. Finally, our studies with TLR4 gene-deficient mice exposed to GW chemicals reversed the levels of TLR5 and expressions for SREBP1c, PPAR-α, PFK and GLUT-4 emphasizing the fact that TLR4 activation was indeed responsible for the metabolic reprogramming in the liver. Further, the reversal of TLR4-inducible systemic release of DAMPS and metabolic changes in the liver bodes well for a potential use of this compound for a gut-targeted therapy in GWI veterans. Fig. 8 . TLR4 drives the metabolic alterations in GWchemical exposed liver. A. Tissue levels of TLR5 in Gulf War chemical treated a group of wild-type mice (GWI, n = 3) and a group of TLR4 knockout mice (TLR4 KO, n = 3). Mouse liver samples as observed by immunofluorescence microscopy after labeling the TLR5 protein with green fluorescent secondary antibody and nuclear counterstaining by DAPI (blue). Images were taken at 60× (oil) magnification. B. The bar diagram showed the quantitative morphometric analysis of fluorescence intensities of TLR5 immunoreactivity in the liver tissue. *(p < 0.05). C. mRNA expression analysis of principle carbohydrate metabolic markers (PFK, GLUT-1, and GLUT-4) and fat metabolic markers (SREBP1c, PPAR-α) in the liver tissue of vehicle, GWI and TLR4 KO mice. Normalized mRNA expression is represented as a fold change of vehicle control (veh) on Y-axis. Data points represented with Mean ± SEM *(p < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
In summary, we show that GW-chemical exposure in mice and subsequent systemic inflammation following a dysbiosis in the gut could cause significant changes in the way the liver metabolizes lipid and carbohydrate with no detectable pathology while butyrate resists those changes. The study will help us advance our efforts to scrutinize clinical symptom reporting in the liver and re-evaluate the way we approach the therapeutic aspect of GWI by targeting multiple physiological pathways. Uses of short-chain fatty acids or probiotics can help in such pursuits.
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